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Abstract 
 

Our work has been concentrated on both chemical attachments of functionalized carbon 
nanotubes (CNTs) and their alignments through chemical, electrical and optical manipulation on 
templates such as Si-wafer and gold, on which nanostructures can be formed by novel 
lithographic techniques of atomic force microscope (AFM) anodic oxidation lithography or 
nanosphere lithography. As-grown CNTs were modified with functional groups like carboxylic 
acid, acid chloride and alkyl thiol groups to chemically bond CNTs to templates. The chemical 
bonding of functionalized CNTs on conducting templates was also performed by applying a 
direct current (DC) field to CNT suspension, resulting in the formation of uniform CNT films. 
Ultrasonic treatment allowed the electrodeposited CNTs to be aligned normal to the electrodes. 
In addition, the selective attachment of CNTs on templates was conducted by applying the 
lithographic techniques. A promising approach to manipulating CNTs was demonstrated using a 
linear polarized infrared optical trapping system. Various analytical methods such as AFM, TEM, 
SEM, Raman, FT-IR, and field emission measurement enabled the characterization of the CNTs. 

 
 
 
1. Introduction 
 

While it has long been known that carbon fibres can be produced with a carbon arc, and 
patents were issued for the process, it was not until 1991 that Sumio Iijima, a researcher with the 
NEC Corporation in Japan, observed that these fibres were hollow. Carbon nanotubes (CNTs) 
are tubular carbon molecules with properties that make them potentially useful in extremely 
small-scale applications. They exhibit unusual strength and unique electrical properties. 
Accordingly, the number of both specialized and large-scale applications is growing constantly, 
including their use as conductive and high-strength composites, energy storage and energy 
conversion devices, sensors, field emission displays and radiation sources, hydrogen storage 
media, nanometer-sized semiconductor devices, probes, interconnects, etc. Nanotubes can be 
opened and filled with materials such as biological molecules, raising the possibility of 
applications in biotechnology. They can be used to dissipate heat from tiny computer chips. The 
strength and flexibility of carbon nanotubes makes them of potential use in controlling other 
nanoscale structures, which suggests they will have an important role in nanotechnology 
engineering. With only a few nanometers in diameter, yet (presently) up to a millimeter long, the 
length-to-width aspect ratio is extremely high. Atomic force microscopy (AFM) is now widely 
used and has the capability of working at length scales as small as a single atom. The AFM 
resolution depends highly on the curvature of AFM tip. To overcome broad tip curvature carbon 
nanotubes are used as a probe called ‘CNT tips’ which are usually applied for characterization of 
large and complex bio molecules with high resolution or AFM lithography to fabricate patterns 
with high aspect ratios. 

To apply such SWNTs to various technologies, well-aligned carbon nanotubes are desirable. 
To date, there have been a number of efforts for aligning carbon nanotubes with direct growth 
methods like chemical vapor deposition (CVD), which generally works in high-temperature 
circumstances. There have been great challenges to finding an effective way to organize and/or 
to manipulate as-grown tangled nanotubes into well-ordered arrays in mild conditions. Chemical 
processing of as-grown CNTs has allowed CNTs to be controlled in length, purified, modified 
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with functional groups, dispersed in desired solvents and eventually aligned on substrates. 
Moreover, various methods for aligning chemically functionalized CNTs, such as self-assembly 
methods, hydrophilic/hydrophobic interactions and electrochemistry, have also been introduced 
because of their simplicity at ambient temperature and their applicability to relatively large areas. 
Using these controllable processes, horizontally aligned and micropatterned carbon nanotubes 
have been performed to apply carbon nanotubes as an active component to carbon nanotube-
based devices. Vertically aligned and micropatterned carbon nanotubes, however, have been 
poorly studied especially by post-synthesis treatments rather than by the direct growth like 
chemical vapor deposition (CVD). For instance, functionalized CNTs have been believed to be 
vertically assembled on modified substrates analogous to the self-assembly processes of active 
surfactant molecules such as alkanethiols and organosilicons. Even though the shapes of CNTs, 
which usually disperse as bundles in solution, resemble the long-chain molecules available for 
ordering into self-assembled monolayers, it would be difficult for CNT bundles to be 
spontaneously aligned to the surface normal direction like surfactant molecules due to their 
enormous, irregular size in suspension and low density of CNTs on modified surfaces. Recently, 
a direct current (DC) electrodeposition method has been applied to forming CNT films 
efficiently on substrates. Applying the electric field as an external force to CNT suspensions 
made it possible to provide high surface coverages and short assembling times. The highly 
densified CNT films produced by electrodeposition, however, are randomly aligned and also 
pressured by strong electric field, resulting in almost flat CNT films accumulated with high 
randomness of orientation which limits their applications. Here, we report the chemical 
functionalization of CNTs, their attachment with controllable processes, and vertical alignments 
of CNT films formed by electrodeposition.  
 
 
2. Approach and results 
 
2-1. Functionalization of CNTs and chemical attachments 

The purified single-walled carbon nanotubes (HiPCO SWNTs) were purchased from Carbon 
Nanotechnologies Inc. The carboxyl groups-terminated SWNTs (SWNT-COOH) were prepared 
by shortening and etching processes using ultrasonification in mixed acids of sulfuric acid and 
nitric acid (3:1). Scheme 1 shows the path ways of reaction to functionalize SWNTs and to 
attach the SWNTs on modified templates. The carboxyl group of shortened SWNTs were 
modified with SOCl2 and cysteamine to change the functional group from carboxyl group to acyl 
chloride (-COCl) and thiol (-CONH(CH2)2SH) group, respectively. The chemically 
functionalized SWNTs were confirmed by FT-IR (Bruker, USA). Fig. 1 shows the FT-IR spectra 
of (a) SWNT-COOH, (b) SWNT-COCl, and (c) SWNT-SH. The carbonyl (C=O) band of 
SWNT-COOH and SWNT-COCl were appeared in 1720 cm-1 and 1760 cm-1, respectively. 
Because of existence of the chlorine in the SWNT-COCl that has higher electronegativity 
compared to oxygen in the SWNT-COOH, the carbonyl band sifted to 1760 cm-1. And the 
carbonyl (C=O) and amide (N-H) bands of SWNT-CONH(CH2)2SH  were appeared in 1720 cm-1 
and 1550 cm-1, respectively.  
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Scheme 1. Schematic of attachments of chemically functionalized SWNTs on modified 
templates. 
 
 

 
 
Figure 1. The FT-IR spectra of (a) SWNT-COOH, (b) SWNT-COCl, and (c) SWNT- 
CONH(CH2)2SH. 
 

The SWNTs-COCl were reacted with hydroxyl groups and 3-(aminopropyl) triethoxylmethyl-
silane (APS) self-assembled on substrates. Also, the variations in thickness of functionalized 
templates were characterized using an ellipsometer (Rudolph Auto EL2). The amine modified 
template was reacted with the SWNT-COOH and dicyclohexylcarbodiimide (DCC) as a 
condensation agent. And SWNT-CONH(CH2)2SH was reacted with (3-(2-aminoethyl)amino-
propyl) trimethoxysilane (AEAPS) monolayers and copper(Ⅱ) nitrate (Cu(NO3) 2). For selective 
attachment of thiolated SWNTs, octadecyltrichlorosilane (OTS) was self-assembled on the 
silicon oxide substrate by dipping Si wafer. Because the thiolated SWNTs can not bind methyl 
group, the OTS modified surface was used as a barrier. And the thiolated SWNTs were bound on 
the copper-amine complex by coordination reaction. The SWNTs suspension in 
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dimethylformamide reacted for 12 hrs at room temperature. After reaction, the templates were 
rinsed with DMF under sonication followed by drying under a stream of nitrogen. Non-contact 
mode AFM (XE-100, PSIA Inc.) was exploited to characterize the surface morphologies. The 
methodology utilizes the strong interaction between the functional groups on templates and the 
functional groups of SWNTs. The APS and AEAPS are used to react with surface hydroxyl 
groups. This will result in a surface covered with amine groups. Fig. 2 shows AFM images of 
attached SWNTs on chemically modified surfaces. Fig. 2 (b) shows the most densely attached 
SWNTs among any other path ways. Because this reaction is easier than the attachment of 
SWNT-COOH and SWNT- CONH(CH2)2SH (Fig. 2a and d) that needs another materials, such 
as condensation agent and copper(Ⅱ) nitrate, to be attached onto the amine group modified 
templates. Those additional thiolated SWNTs were reacted with NH2-Cu complex surface that 
makes complicated reaction process. Though thiolated SWNTs can be attached to gold surface, 
the functionalized SWNTs attached on Si substrate to compare the reactivity of the SWNTs. In 
comparison of Fig. 2 (b) and (c), the hydrogen of hydroxyl groups can not be easily detached 
compared with the hydrogen of amine group (–NH2). However, the chloride ion of SWNT-COCl 
is a good leaving group and hydrogen of –NH2 can be easily dehydrogenated. As a result, the 
high degree of attachment with SWNTs can be accomplished by chemical reaction of the 
functionalized SWNT-COCl with on amine group modified template.  
 

 
Figure 2. AFM images of attached SWNTs on modified templates: (a) SWNT-COOH and (b) 
SWNT-COCl on amine group modified template. (c) SWNT-COCl on hydroxyl modified 
template and (d) SWNT-CONH(CH2)2SH on amine-copper group modified template.  
 

Chemical binding of nanospheres-NH2 with SWNTs-COCl was conducted to fabricate 
effective nanostructures. Figure 3 shows wonderful images of nanospheres selectively combined 
with a bunch of SWNTs. In the cutting process of SWNTs using oxidizing acid, many defects are 
produced on the side wall of SWNTs, analogous to both ends of SWNTs. These defects also are 
terminated with –COOH groups, which can be active sites to react with substitutes. To date, it 
has been focused on improving physical, chemical and electrical properties of SWNTs through 
chemical attachments of useful substances on the side defects of SWNTs from many research 
groups. The alignment of carbon nanotubes also has been critical issue to apply them to the area 
of molecular electronics, field emission display, etc. As shown in Figure 3, the PS nanospheres 
attached on the SWNTs would not seem to change much the properties of SWNTs and also to 
improve the alignment greatly. However, it is very important to selectively attach nanospheres 
onto SWNTs because these basic structures have quite a possibility to be used to make a 
practical application of SWNTs.  
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Figure 3 Scanning Electron Microscope (SEM) images of 190 nm of PS nanospheres chemically 
attached on the SWNTs.  
 

Based on chemical reactions of the modified SWNTs with functionalized surfaces, we tried 
selective attachments of SWNTs on patterned surfaces as shown in Figure 4(a). We chose self- 
assembled monolayer (SAM) of hexamethyldisilane (HMDS) as a resist whose surface was 
covered by methyl groups (-CH3). Since there is no reaction between chemically modified 
SWNTs and CH3 groups, SWNT-COCl will be reacted only with the patterned area containing –
OH groups. In AFM anodization lithography, patterning was achieved by the growth of silicon 
oxide which contained –OH groups as shown in Figure 4(b, top). As a result, the patterned area 
is covered by –OH group while unpatterned area is covered by –CH3 group. Figure 4(b, bottom) 
shows selectively attached SWNTs on the protruded SiO2 region. The height of attached SWNTs 
on patterned surfaces ranges from 6 nm to 18 nm which are too low for these values to be 
regarded as those of SWNTs. In fact, the materials attached on line patterns are a kind of carbon 
which can be clearly confirmed by phase mode AFM. Moreover, in Figure 4(b, bottom), what it 
was selectively attached means that the chemical reaction occurred only on patterned area. Hence, 
it can be suggested that line patterns containing –OH groups react rapidly with very thin 
SWNTs-COCl separated from the aggregates as well as carbon particles also modified with –
COCl since their mobility is better than bulkily-aggregated SWNTs in solution. The similar 
selective attachment of SWNTs was observed on the various types of patterns.  
 

 
 

(a)                                                 (b) 
Figure 4 (a) Schematic for selectively attachments of SWNTs on prepatterned surfaces, 
representative tapping mode AFM images of patterned HAMD SAM (b, top) before and (b, 
bottom) after reaction with SWNTs. 
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2-2. Optical trapping of CNTs 
Another approach to manipulating CNTs was demonstrated using a linear polarized infrared 

optical trapping system. Optical tweezers is a powerful tool for processing nano-size objects, and 
this technique can also be used to trap and manipulate SWNTs. But in previous reports, only 
trapping of the CNTs with optical tweezers was given, and manipulation of SWNT bundles 
vertically and spinning MWNTs vertically have not yet been reported. To construct 2-D or 3-D 
nanostructures, more exact control of the trapping is essential. To explore how to trap and 
manipulate CNTs more precisely, an infrared optical tweezers system is used to manipulate 
various CNTs of different fabrication methods, chemical modifications, and sizes. The linearly 
polarized laser diode (SDL-5432H1, λ=834 nm) is used as the trapping light source. The beam 
expander is composed of two convex lenses. The 120 mW laser beam is strongly focused by an 
objective lens (Zeith, 100×, oil immersion type, N.A. =1.25, the radius of its back aperture: 2.5 
mm) and forms a single-beam optical trap with a diameter less than 1 µm. The sample stage is 
maintained with a computer-controlled motorized controller (Newport, M-UTM25PP.1, 
resolution 0.1 µm). The trapping process can be recorded with a CCD camera from linear or 
circular polarization. A chamber composed of cover- and slide-glass is used to seal a drop of the 
CNT aqueous solution.   

Naturally the short CNT (SWNT and MWNT) bundles have lengths of a few hundred 
nanometers to 1 µm and diameters of about 20 nm after being cut in mixed acid. All the CNTs 
used in this study are referred to as CNT bundle, which consist of many short CNTs held 
together by molecular forces. Figures 5(a) and 5(b) show that one CNT bundle can be trapped 
vertically and horizontally, respectively. In vertical trapping, the CNT bundle is aligned along 
the propagation direction of the laser beam while the CNT bundle is aligned along the transverse 
direction of the laser beam in horizontal trapping. The vertically and horizontally trapped CNTs 
can be manipulated into any specific position with the optical trap. Vertical trapping was 
confirmed by a point image because the CCD camera captured top view images. Shorter CNTs 
are much easier to trap vertically if the focused laser beam is applied to the end of the CNT. 
Optical tweezers cannot easily trap longer CNTs vertically. If the length of the CNTs is shorter 
than 10 µm, they can be trapped vertically by decreasing the distance between the substrate and 
the trapped position just after picking one end. If the distance between the substrate and the 
trapped position is increased, vertical trapping cannot be achieved. In other words, horizontal 
trapping of one CNT bundle can be switched to vertical trapping by adjusting the trapping depth 
(the distance between the cover glass and the trapping position). In our experiment, an oil 
immersion lens was used to focus the beam. When the trapping depth is zero, the laser intensity 
is concentrated near the beam focus symmetrically, where the trapping force would trap a partial 
position of the CNT bundle but strong enough to hold the whole CNTs. When the trapping depth 
is increased, the convergence angle decreases and the beam intensity is distributed more along 
the central axis of the beam before the focus point, which means that the optical trapping force is 
also distributed along the central axis. This can provide the possibility for long CNTs to be 
trapped vertically. Small CNT bundles can be trapped collectively as shown in Figure 5(c). 
These trapped bundles of CNTs can also be manipulated along the transverse direction by 
dragging them with the laser beam. Such collective trapping may be due to the induced 
polarization of originally trapped central CNTs when the dipole moments of the polarized CNTs 
attract nearby smaller CNTs. The optical trap can manipulate CNTs, so it could also be used to 
construct special CNTs structures. For example, CNTs could be fixed onto the glass vertically or 
horizontally. Figure 5(d) shows that by trapping and dragging the CNTs horizontally, two letters 
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were constructed on the glass substrate. Two crossing CNT bundles built the letter “X”. The end 
of one CNT bundle was bound to the side-wall of another CNT bundle to make the letter “Y”. 
Similarly, by manipulating CNTs vertically, bundles can be fixed onto the glass. In Figure 5(e), 
one end of the CNTs has been fixed onto the glass marked by a small white circle. The other end 
of the CNTs is swaying freely in the solution. The position of the optical trap is marked by a big 
white circle. This manipulation can also be done on ITO glass, which can be used to assemble 
some CNT-based electronic devices. Small CNTs with lengths of a few hundred nanometers are 
rather difficult to fix onto the glass. We fixed the CNTs functionalized with groups of –COCl 
and PS (polystyrene) particles modified with an amine group together. The mixture was placed at 
room temperature for 24 hours before the trapping experiment, until the ends and sidewalls of 
most CNTs in the solution were attached to PS particles. Figure 5(f) is a CCD image of a dot 
array consisting of CNTs and PS particles. The size of the dot was controlled by the application 
time of the optical tweezers. The large dots on the left of the array were made by a longer 
application time. The inset SEM image of one dot in Figure 5(f) shows many PS particles 
aggregated with CNTs in the optical trap. In this process, the CNTs played an important role as 
an adhesive to initiate the formation of the large clusters.  
 

 
Figure 5. CCD images of optical manipulation of the CNT bundle: (a) Vertical trapping, (b) 
horizontal trapping, (c) collective trapping of CNTs in highly concentrated CNT solution, (d) 
constructing CNT letters horizontally, (e) vertical fixing of a CNT bundle, (f) constructing a 
CNT/PS array, and inset is a SEM image of one CNT/PS dot.  
 
2-3. Electrodeposition of CNTs and vertical alignment 

The acid chloride-functionalized SWNTs were attached to chemically modified substrates 
using electrodeposition method. Scheme 2 shows a simple drawing of electrophoretic deposition 
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of a bundle of SWNTs-COCl on NH2 group-terminated gold substrate and electrophoretic cells 
containing SWNTs suspension before and after applying a dc field. Once the electric field was 
applied to the suspension in the cell, SWNTs migrated along with the convectional flowing of 
the suspension in the middle space between electrodes.  

 

 
 

Scheme 2. Simple drawing of the electrophoretic deposition of SWNTs-COCl on gold electrode 
functionalized with SAM terminating in amine group using a dc field and the electrophoretic 
cells containing SWNT suspension before and after applying a dc field. 

 
The high-speed migration of SWNTs was observed near to both electrodes where the electric 

field is very strong. After a few minutes, the black suspension became transparent due to the 
deposition of SWNTs on both electrodes. While the robust film of SWNTs was formed on the 
cathode during applying a voltage, the assembled bundles of SWNTs, which were aligned 
parallel to the direction of electric field, were physically deposited on the anode without strong 
adhesion. Rinsing the anode with DMF after completing the electrophoretic deposition gave rise 
to a whole elimination of SWNTs from the anode. Figure 6 shows 2-dimensional and 3-
dimensional tapping mode AFM images of the SWNT film electrophoretically deposited at 150 
V for 10 min and its height profile. These images showing densely deposited SWNTs are 
analogous to the AFM topographies. For the surface with densified structures or with tall 
structures (usually > 200 nm), the needle-like images as shown in Figure 6 can be easily 
observed in tapping-mode or non-contact mode AFM. 

 

        
Figure 6. 2-dimensional and 3-dimensional tapping mode images of the SWNT film deposited at 
150 V for 10 min using electrophoretic deposition and its height profile. 

 
Figure 7(A) shows a low resolution SEM image of the SWNT film electrophoretically 

deposited on NH2 group-terminated gold cathode. The SWNT film was quite uniform in the 
whole area influenced by the electric field. Figure 7(B) is a magnified image of Figure 7(A) that 
clearly shows densely-deposited SWNTs on the substrate. The morphology of the SWNT film 
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was much different from AFM topography of the film in Figure 6. After the electrophoretic 
deposition of SWNTs was completed, the film-formed cathode was immersed in HPLC DMF, 
followed by sonication with a different time. Figure 7(C) shows densely packed, vertically 
aligned SWNT bundles obtained after sonicating the cathode-immersed DMF solution for 2 min. 
The average diameter of SWNTs in a bundle was about 35 nm which is well agreed with the 
diameter of SWNTs after being shortened. From this image, it is strongly suggested that densely 
deposited SWNT bundles are aligned in the vertical direction of the electrode with the assistance 
of a sonication. The sonication time is an important factor to affect the alignment of SWNTs. 
The bulky SWNT bundles, shown in Figure 7(C), were partially stripped off from the electrode 
after 3 min sonication as shown in Figure 7(D). The smaller size of SWNT bundles, with the 
diameter of ~ 10 nm, remained on the electrode. Some of the SWNTs are lying on electrode due 
to the decrease in the packing density of SWNTs but mostly still standing. The relatively smaller 
size of SWNTs, compared to the 3 min sonicated SWNT film, remained much sparsely on 
electrode by further sonication for 5 min as shown in Figure 7(E).  

The attenuated total reflectance (ATR) spectra of electrophoretically deposited SWNT film (a) 
without sonication and (b) with sonication for 5 min are shown in Figure 7. The sharp peak 
around 1500 cm-1 corresponded to the stretch mode of the aromatic carbon-carbon bond was 
dramatically reduced after sonication. The amide band around 1600 cm-1, however, was not 
reduced visibly compared to the C-C stretching peak at 1500 cm-1. That is, due to a strong 
electric field, many of SWNTs were physically adsorbed onto the SWNTs which were 
chemically adsorbed at the beginning of applying a dc field. 

 

       
 

          
 

Figure 7. Scanning electron micrographs of SWNT films formed on NH2-functrionalized gold 
electrode by applying an electric field at 150 V for 10 min. (A) electrophoretically deposited 
SWNT film. (B) The magnified image of the SWNT film shown in (A). And the SWNT films 
sonicated (C) for 2 min, (D) for 3 min and (E) for 5 min in HPLC dimethyl formamide after 
electrophoretic deposition. Attenuated total reflectance spectra (SENSIR IlluminatIR 
spectrometer) of the SWNT film (a) without ultrasonic irradiation and (b) with ultrasonic 
irradiation for 5 min. Band around 1500 cm-1 corresponds to the stretch mode of the aromatic 
carbon-carbon bond. Band around 1600 cm-1 corresponds to amide bond. 
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Figure 8(a) shows the change of surface density and diameter of attached CNTs, which were 
deposited on gold substrate by applying DC voltage of 150 V, depending on the ultra sonication 
treatment times. When the sample was treated by 3 min of ultrasonication, CNTs shown a 
maximum surface density and the average diameter of CNTs were 27 nm. The field emission 
characteristics of vertically aligned CNTs films as deposited by electrophoretic deposition 
method, without post treatment of ultra sonication, were shown in Figure 8(b). They showed 
good field emission properties such as low turn on field and high current density as good as 
vertically aligned CNTs directly grown on substrate using CVD method. The field emission 
characteristics of vertically aligned CNTs depending on the ultra sonication treatment will be 
studied in next 3rd year. Figure 4(c) shows Raman graphs of vertically aligned CNTs depending 
on the change of Laser polarizing angles. 
  

 

Figure 8. various analysis graphs of vertically aligned CNTs films deposited on gold substrate 
using electrophoretic deposition method by applying DC voltage of 150 V for 10 min. (a) density  
and average diameters of vertically aligned CNTs depending on ultrasonication times, (b) Field 
emission characteristics of CNTs without ultra sonication treatment, (c) Raman graphs of 
vertically aligned CNTs, after 3min ultra sonication treatment, depending on the change of Laser 
polarizing angles  
 
 

Figure 9 shows in detail Figure 7(D), which is magnified from low resolution. The uniform 
SWNT film in Figure 9 was electrodeposited on the cathode at a DC voltage of 150 V for 10 min 
and then ultrasonicated for 3 min. The SWNT bundles were well distributed with uniform space 
between the bundles and mostly aligned in the direction normal to the surface. The arrows in 
Figure 9(b) indicate the three-bundles-folding structures that can be observed only in standing 
structures.  
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(a)                                                                              (b) 

Figure 9. (a) Scanning electron micrographs of a SWNT film after ultrasonication for 3 min. The 
film was formed on a gold electrode by applying an electric field at 150 V for 10 min. (b) the 
magnified image of Figure 9(a). (The arrows indicate the three-bundles-folding structures) 

 
Patterning of SWNT films formed by electrodeposition was performed to control density of 

the SWNT film by using nanosphere lithography. Scheme 3 shows the schematic for forming the 
patterns of CNTs via nanosphere lithography on the surface modified with cysteamine by 
applying electrodeposition to a CNT suspension. The vertical alignment of longer CNTs is 
difficult to fabricate on plates due to their flexibility. Nanosphere lithography has been thought 
as a great tool to fabricate a periodic pattern of a nanostructure. Si nanosphere was arrayed into a 
monolayer on gold substrate using dropping method as shown in Figure 10(a). CNTs would be 
selectively attached in the holes between nanospheres and form chemical bonding with 
functionalized substrates. The idea is distinctly promising because nanosphere lithography is 
greatly effective process to fabricate periodic nanostructure. Figure 10 shows real SEM images 
of experimental results of the schematic shown in Scheme 3. At first, the Si nanosphere was self-
assembled by a simple dropping method, which shown in Figure 10(a). Following the formation 
of a nanosphere array, SWNT films were electrodeposited on the whole areas both of the surface 
of nanosphere arrays and the functionalized substrate, which is in the holes between nanospheres. 
Figure 10(c) shows a hexagonally arrayed CNT patterns with vertical alignment after removing 
nanospheres by ultrasonic treatment. Field emission analysis will be performed in next 3rd year.  
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Scheme 3. Schematic for patterning CNT films via nanosphere lithography on the surface 
modified with cysteamine SAM using electrodeposition. 
 

 

 

(a)                        (b)                       (c)  

Figure 10. SEM images of experimental results of the schematic shown in Figure 5. (a) Self 
assembled nanosphere monolayer arrays on substrate, (b) CNT attached Nanosphere arrays after 
Electrophoresis, (c) uniformly arranged CNTs arrays after removing Nanosphere monolayer by 
ultra sonication treatment 
 
3. Summary 

Carbon nanotubes (CNTs) were functionalized with carboxyl, acid chloride and thiol groups. 
After the attachments of the functionalized CNTs, the difference in reactivity of functionalized 
SWNTs was confirmed on the surfaces covered with self-assembled monolayers. Additionally, 
we have demonstrated selective attachments of chemically functionalized CNTs on modified 
templates by using AFM and nanosphere lithography, which may contribute to develop the 
fabrication of 3-D nanostructures on various substrates. Our results of optical trapping drew 
individual CNT bundles to be manipulated multi-dimensionally, which has a potential 
application in the fabrication of nanoelectronic devices based on CNTs. A novel and simple 
method for fabricating the aligned and patterned SWNT film was introduced by using 
electrodeposition. Ultrasonic treatment after electrodeposition enables randomly deposited 
SWNT bundles to be aligned normal to the electrode, with appropriate distribution on large areas. 
Considering that most researchers studying the fabrication of carbon nanotube-based electron 
emission devices have made great efforts to align carbon nanotubes normal to the electrodes, our 
method for aligning SWNTs is remarkable in its simplicity. Although it has long been believed 
that vertically aligned carbon nanotubes were sometimes attributed to ultrasonic treatments, we 
demonstrated it directly. To pattern SWNT films, nanosphere lithography (NSL) was applied to a 
SWNT suspension using electrodeposition. The SWNT film was successfully patterned into a 
hexagonal array, which may contribute to the integration of SWNTs as electron emission sources 
in electronic devices. 
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Optical manipulation of carbon nanotubes �CNTs� in aqueous solution was performed using a
linearly polarized infrared tweezers system. Vertical and horizontal manipulation of single-walled
and multiwalled carbon nanotubes �SWNTs, MWNTs� was carried out by changing the size of the
CNTs and the trapping position. Rotation of MWNT bundles was confirmed using a circular
polarized infrared optical tweezers system. Patterning of dots and letters with CNTs was
successfully carried out on glass substrates. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2172020�
Single-walled carbon nanotubes �SWNTs� have received
a lot of attention from scientists for their unique chemical
and physical properties for use in future nanoelectronics.1,2

However, because of difficulties in manipulating and sorting
individual SWNTs, no remarkable breakthroughs have been
made in recent years. General approaches to align carbon
nanotubes �CNTs� are either in situ or postgrowth. Applied
electric fields during the growth of CNTs �Ref. 3� can cause
them to align. Several postgrowth alignment methods have
been attempted: using an AFM tip,4 aligning CNTs in solu-
tion by applying an electric field5 or a magnetic field,6 align-
ing SWNTs by blending them with liquid crystal,7 assem-
bling SWNT films by Langmuir-Blodgett methods,8 and
chemical assembly of SWNTs on a large substrate.9 Al-
though these methods provide a good way to control both the
location and orientation of CNTs, they cannot process and
sort individual CNTs simultaneously. Optical tweezers10 is a
powerful tool for processing nanosize objects, and this tech-
nique can also be used to trap and manipulate SWNTs.11,12

But in previous reports, only trapping of the CNTs with op-
tical tweezers was given, and manipulation of SWNT
bundles vertically and spinning MWNTs vertically have not
yet been reported. In order to construct 2D or 3D nanostruc-
tures, more exact control of the trapping is essential. In order
to explore how to trap and manipulate CNTs more precisely,
an infrared optical tweezers system is used to manipulate
various CNTs of different fabrication methods, chemical
modifications, and sizes.

In this letter, a linearly polarized laser diode �SDL-
5432H1, �=834 nm� is used as the trapping light source. The
beam expander is composed of two convex lenses. The
120 mW laser beam is strongly focused by an objective lens
�Zeith, 100�, oil immersion type, N.A.=1.25, the radius of

a�Author to whom correspondence should be addressed; electronic mail:

haiwon@hanyang.ac.kr
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its back aperture: 2.5 mm� and forms a single-beam optical
trap with a diameter less than 1 �m. The sample stage is
maintained with a computer-controlled motorized controller
�Newport, M-UTM25PP.1, resolution 0.1 �m�. The trapping
process can be recorded with a CCD camera from linear or
circular polarization. A chamber composed of cover-
and slide-glass is used to seal a drop of the CNT aqueous
solution.

Naturally the short CNT �SWNT and MWNT� bundles
have lengths of a few hundred nanometers to 1 �m and di-
ameters of about 20 nm after being cut in mixed acid.13 All
the CNTs used in this study are referred to as CNT bundle,
which consist of many short CNTs held together by molecu-
lar forces. Figures 1�a� and 1�b� show that one CNT bundle
can be trapped vertically and horizontally, respectively. In
vertical trapping, the CNT bundle is aligned along the propa-
gation direction of the laser beam while the CNT bundle is
aligned along the transverse direction of the laser beam in
horizontal trapping. The vertically and horizontally trapped
CNTs can be manipulated into any specific position with the
optical trap. Vertical trapping was confirmed by a point im-
age because the CCD camera captured top view images.
Shorter CNTs are much easier to trap vertically if the focused
laser beam is applied to the end of the CNT. Optical tweezers
cannot easily trap longer CNTs vertically. If the length of the
CNTs is shorter than 10 �m, they can be trapped vertically
by decreasing the distance between the substrate and the
trapped position just after picking one end. If the distance
between the substrate and the trapped position is increased,
vertical trapping cannot be achieved. In other words, hori-
zontal trapping of one CNT bundle can be switched to ver-
tical trapping by adjusting the trapping depth �the distance
between the cover glass and the trapping position�. In our
experiment, an oil immersion lens was used to focus the
beam. When the trapping depth is zero, the laser intensity is

concentrated near the beam focus symmetrically, where the

© 2006 American Institute of Physics3-1
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trapping force would trap a partial position of the CNT
bundle but strong enough to hold the whole CNTs. When the
trapping depth is increased, the convergence angle decreases
and the beam intensity is distributed more along the central
axis of the beam before the focus point, which means that the
optical trapping force is also distributed along the central
axis.14 This can provide the possibility for long CNTs to be
trapped vertically. Small CNT bundles can be trapped collec-
tively as shown in Fig. 1�c�. These trapped bundles of CNTs
can also be manipulated along the transverse direction by
dragging them with the laser beam. Such collective trapping
may be due to the induced polarization of originally trapped
central CNTs when the dipole moments of the polarized
CNTs attract nearby smaller CNTs.15 The optical trap can
manipulate CNTs, so it could also be used to construct spe-
cial CNTs structures. For example, CNTs could be fixed onto
the glass vertically or horizontally. Figure 1�d� shows that by
trapping and dragging the CNTs horizontally, two letters
were constructed on the glass substrate. Two crossing CNT
bundles built the letter “X.” The end of one CNT bundle was
bound to the side-wall of another CNT bundle to make the
letter “Y.” Similarly, by manipulating CNTs vertically,
bundles can be fixed onto the glass. In Fig. 1�e�, one end of
the CNTs has been fixed onto the glass marked by a small
white circle. The other end of the CNTs is swaying freely in
the solution. The position of the optical trap is marked by a
big white circle. This manipulation can also be done on ITO
glass, which can be used to assemble some CNT-based elec-
tronic devices.

Small CNTs with lengths of a few hundred nanometers
are rather difficult to fix onto the glass. We fixed the CNTs
functionalized with groups of -COCl and PS �polystyrene�
particles modified with an amine group together. The mixture
was placed at room temperature for 24 h before the trapping
experiment, until the ends and sidewalls of most CNTs in the
solution were attached to PS particles. Figure 1�f� is a CCD
image of a dot array consisting of CNTs and PS particles.
The size of the dot was controlled by the application time of
the optical tweezers. The large dots on the left of the array
were made by a longer application time. The inset SEM im-
age of one dot in Fig. 1�f� shows many PS particles aggre-

gated with CNTs in the optical trap. In this process, the

Downloaded 07 Apr 2006 to 166.104.53.69. Redistribution subject to 
CNTs played an important role as an adhesive to initiate the
formation of the large clusters.

MWNTs have been proposed for application in design-
ing nanogears,16 but how to drive the MWNT gear is an
obstacle. Petr Král et al. predicted that when MWNTs are
irradiated by a circular polarized laser beam, the MWNT
bundle can be rotated along its long axis by the angular
moment transformation between the laser beam and the
nanotubes.17 Joseph Plewa et al. observed the rotation of
SWNTs by an optical vortex with a helical pitch.11 However,
the rotation of SWNTs in that report was not the vertical
rotation predicted by Petr Král. According to Petr Král’s
theory, the MWNTs must be trapped vertically first and then
can be rotated only by an ordinary laser beam. In our case,
this condition can be satisfied. But the trapping position of
the MWNTs must be adjusted accurately. If the trapping
depth is small and the MWNT bundle is trapped as shown in
Fig. 2�a�, MWNTs rotate slowly at an angle along the propa-
gation direction of the laser beam, with a rotation frequency
of 1 or 2 Hz. The rotation direction follows the polarization
direction of the circular polarized laser beam. By increasing
the trapping depth, the MWNTs tend to be trapped vertically

FIG. 1. CCD images of optical ma-
nipulation of the CNT bundle: �a� Ver-
tical trapping, �b� horizontal trapping,
�c� collective trapping of CNTs in
highly concentrated CNT solution, �d�
constructing CNT letters horizontally,
�e� vertical fixing of a CNT bundle, �f�
constructing a CNT/PS array, and inset
is a SEM image of one CNT/PS dot.

FIG. 2. Rotation of a vertically trapped MWNT bundle in the optical trap:
�a� MWNTs rotate slowly along the propagation direction of the laser beam
at a certain angle when the trapping depth is small, �b� MWNTs span along

its long axis at a high frequency of rotation at a large trapping depth.
AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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completely as shown in Fig. 2�b�. In this process, the
MWNTs accelerated their rotation frequency until it spun by
its long axis, which is much lower than the laser beam fre-
quency due to many factors such as viscous drag in the so-
lution and the large size of the bundle assembly of several
individual carbon nanotubes. This result strongly suggests
that a focused laser beam can be a driving power for the
MWNT motor.

The optical trap can pick up some CNTs selectively,
which strongly supports that only semiconductor CNTs in
solution could be trapped as reported elsewhere.12 We also
found that the trapping threshold of the laser power depends
on the size of the CNT bundle. For CNTs about 5 �m long,
the threshold value of the laser beam was 0.4 mW, but the
value for the shorter CNT bundle with a length of about
3 �m was 10.5 mW. The threshold value can be defined as
the value below which the trapped CNTs would start escap-
ing from the trap. Our measured threshold value is much
lower than that of 100 mW reported elsewhere.12 One reason
is due to the small sizes of CNTs used in that work. The
other reason is that fluorescence spectroscopy was used to
monitor the trapping process which requires a sufficient
number of CNTs to be trapped, requiring a high laser
power.12

Optical trapping can be attributed to the interaction of
the electric field component �E� of the trapping laser and the
instantaneous dipole moments �P� induced in the SWNTs.18

The induced dipole moment per unit volume is P=�E,
where � is the first-order polarizability tensor. The interac-
tion energy can be written as

U = − �P · E�/2 = − ��E�2/2.

The optical force is the negative gradient of the time-
averaged potential energy U. The force is determined by the
dielectric susceptibility and the gradient of the laser intensity,
which will push CNTs to the center of the laser beam where
the intensity is higher. But the interaction of the CNTs with
the laser is not well understood. More work will be done to
explore the dependence of the trapping orientation of the
CNTs on the polarization of the laser beam and the depen-
dence of the trapping force on the nonlinear effect of the
CNTs.
Downloaded 07 Apr 2006 to 166.104.53.69. Redistribution subject to 
In conclusion, our results clearly showed that optical
tweezers work well in manipulating individual CNT bundles
multidimensionally, which has a potential application in the
fabrication of 2D or 3D nanoelectronic devices based on
CNTs.
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Abstract 

We have investigated a selective attachment of functionalized single-walled carbon nanotubes (SWNTs) 

on templates. Our efforts have been concentrated on both functionalization of carbon nanotubes and their 

binding onto templates such as Si-wafer and gold. The alignment of SWNTs was performed by modifying 

the SWNTs with carboxylic acid, carboxylic chloride and alkyl thiol groups. Functionalized SWNTs were 

selectively immobilized through the formation of amide bonds using a coupling reagent onto prepatterned 

nanostructures by a self-assembly method. The characterization of chemically attached carbon nanotubes 

has been investigated using various surface characterization tools like AFM, TEM, SEM and FT-IR. 
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Introduction 

A carbon nanotube has been widely investigated as an essential component for fabrication of 

nanoelectronic devices and its numerous applications [1]. Especially, well-arrayed carbon nanotubes are 

highly desired to prepare chemical sensors [2], nanoprobes for scanning probe microscopy [3], field 

emitter devices [4], etc. Besides their capabilities as functional components, carbon nanotubes are good 

building blocks for organizing 3-D nanostructure which is another important factor in molecular electronics 

[5]. In this study, we have investigated a selective attachment of chemically-functionalized single-walled 

carbon nanotubes (SWNTs) on modified templates by a covalent bonding. If high selectivity of a specific 

chemical reaction can be controlled, we can design an effective 3-D nanostructure for nano-sized devices 

using SWNTs as a main frame of the structure. To induce a selective attachment of SWNTs, AFM 

anodization lithography was engaged in patterning the nanostructures on templates. As another approach 

to achieving this goal, chemically-modified nanosphere was also used to combine with SWNTs to form the 

effective nanostructure. Nanosphere lithography has been thought as a great tool to fabricate a periodic 

array of nanostructure. Therefore, it would be expected to realize the SWNT’s nanostructures if the 

nanosphere is chemically attached to SWNTs. 

 

Experiment 

The purified single-walled carbon nanotubes were purchased from Carbon Nanotechnologies Inc. (HiPCO 

SWNTs), and were used without further purification processes. The –NH2 modified polystyrene (PS) 



nanosphere with an average diameter of 190 nm and silicon nanosphere of 400 nm (purchased from 

Bangs Laboratories, Inc.) were also used as received. The carboxylic acid groups-terminated SWNTs 

(SWNT-COOH) were prepared by shortening and etching processes using ultrasonification in mixed acids 

according to the reported procedure [6]. To consider further chemical reaction with chemically modified 

surface, the carboxylic acid groups on SWNTs were converted into acid chloride groups by treatment with 

thionylchloride. The acid chloride-functionalized SWNTs (SWNT-COCl) were dispersed in 

dimethylformamide (DMF) by ultrasonic agitation and were immediately reacted with chemically 

functionalized surfaces [7]. The formation of functional groups on SWNTs was confirmed by FT-IR [8]. We 

prepared two kinds of Si surfaces: (i) the surface containing hydroxyl groups (-OH), simply prepared by 

piranha treatment [9] and (ii) the -NH2 surface by a self-assembly method using 3-(aminopropyl) 

triethoxymethylsilane [10]. The modified SWNTs were reacted with the two surfaces in DMF suspension of 

SWNT-COCl for a given time in order to accomplish their chemical attachments. (Scheme 1) After 

completing the attachment, the reacted substrates were rinsed with deionized water under sonication and 

were dried under a stream of nitrogen. Non-contact mode atomic force microscopy (XE-100, PSIA Inc.) 

was exploited to characterize the surface morphologies modified with SWNTs. 

 

Results and Discussion 

In the cutting operation of single-walled carbon nanotubes (SWNTs), the 3:1 concentrated H2SO4:HNO3 

mixture was used as the oxidizing acid. The shortened nanotubes, having diameters ranging from 700 nm 



to 1 µm and lengths from 40 nm to 80 nm, could be produced by ultrasonication in the oxidizing acid at 50 

oC for 6 hr. Figure 1 shows a typical atomic force microscope (AFM) image of the shortened SWNTs which 

is usually aggregated each other because of van der Waals interaction. SWNTs aggregates are shown 

including small carbon particles and catalysts as impurities. Cutting time of 6 hr was chosen in order to 

reduce the most of these impurities such that chemically-functionalized SWNTs could react easily with 

templates or nanospheres.  

Based on chemical reactions of the modified SWNTs with functionalized surfaces, we tried selective 

attachments of SWNTs on patterned surfaces as shown in Figure 2(a). We chose self- assembled 

monolayer (SAM) of hexamethyldisilane (HMDS) as a resist whose surface was covered by methyl groups 

(-CH3). Since there is no reaction between chemically modified SWNTs and CH3 groups, SWNT-COCl will 

be reacted only with the patterned area containing –OH groups. In AFM anodization lithography, patterning 

was achieved by the growth of silicon oxide which contained –OH groups as shown in Figure 2(b, top). As 

a result, the patterned area is covered by –OH group while unpatterned area is covered by –CH3 group. 

Figure 2(b, bottom) shows selectively attached SWNTs on the protruded SiO2 region. The height of 

attached SWNTs on patterned surfaces ranges from 6 nm to 18 nm which are too low for these values to 

be regarded as those of SWNTs. In fact, the materials attached on line patterns are a kind of carbon which 

can be clearly confirmed by phase mode AFM. Moreover, in Figure 2(b, bottom), what it was selectively 

attached means that the chemical reaction occurred only on patterned area. Hence, it can be suggested 

that line patterns containing –OH groups react rapidly with very thin SWNTs-COCl separated from the 



aggregates as well as carbon particles also modified with –COCl since their mobility is better than bulkily-

aggregated SWNTs in solution. The similar selective attachment of SWNTs was observed on the various 

types of patterns.  

As another selective attachment of SWNTs, chemical binding of nanospheres-NH2 with SWNTs-COCl was 

conducted to fabricate effective nanostructure. Figure 3 shows wonderful images of nanospheres 

selectively combined with a bunch of SWNTs. In the cutting process of SWNTs using the oxidizing acid, 

many defects are produced on the side wall of SWNTs, analogous to both ends of SWNTs. These defects 

also are terminated with –COOH groups which can be active sites to react with substitutes. To date, it has 

been focused on improving physical, chemical and electrical properties of SWNTs through chemical 

attachments of useful substances on the side defects of SWNTs from many research groups. The 

alignment of carbon nanotubes also has been critical issue to apply them to the area of molecular 

electronics, field emission display, etc. As shown in Figure 3, the PS nanospheres attached on the SWNTs 

would not seem to change much the properties of SWNTs and also to improve the alignment greatly. 

However, it is very important to selectively attach nanospheres onto SWNTs because these basic 

structures have quite a possibility to be used to make a practical application of SWNTs.  

Figure 4 shows us an important example for SWNTs to be able to form the 3-D nanostructure in 

combination with nanospheres. 400 nm of Si nanospheres with no functional group were arrayed as a 

monolayer on gold substrate as shown in Figure 4(a). Then, SWNTs-COOH were chemically attached to -

NH2 modified gold substrate which was exposed only in the gap between Si nanospheres. In Figure 4(b), 



one end of the shortened SWNT is leaning against Si nanosphere due to an intrinsic flexibility of carbon 

nanotubes and the other end of that is being clearly attached to the gold substrate. This means that the 

SWNT is standing vertically such that the 3-D nanostructure is formed by using both nanospheres and 

SWNTs. These results demonstrate critically that the chemical attachments can be used easily to succeed 

in fabricating the nanostructures. 

 

Conclusion 

In conclusion, we have demonstrated selective attachments of chemically functionalized SWNTs on 

modified templates by using AFM and nanosphere lithography. This work will contribute to develop the 

fabrication of 3-D nanostructures on various substrates. Furthermore, it enables us to develop nanotube-

based electronic devices. 
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Scheme 1 Schematic view of chemical attachments of SWNTs on modified template. 

 

 

 

 

 

 

(a)                                  (b) 

Figure 1 Typical AFM images of the shortened SWNTs (a) in large area and (b) in small area and their 

profiles for (a) diameter and (b) length of representative SWNTs. 

 

 

 

 

 



 

 

 

 

 

(a)                                    (b) 

Figure 2 (a) Schematic for selectively attachments of SWNTs on prepatterned surfaces, representative 

tapping mode AFM images of patterned HAMD SAM (b, top) before and (b, bottom) after reaction with 

SWNTs. 

 

 

 

 

 

 

 

Figure 3 Scanning Electron Microscope (SEM) images of 190 nm of PS nanospheres chemically attached 

on the SWNTs.  

 

 

 

 



 

 

 

 

(a) 

 

(b) 

Figure 4 SEM images of (a) the array of Si nanospheres on gold template and (b) vertically-attached 

SWNT to gold template using the nanosphere as a supporter. 
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In this study, multi-dimensional manipulations of CNTs bundles including single- and multi-walled carbon nanotubes (SWNTs and MWNTs)
with optical trap are performed. By controlling trapping depth, trapping position and polarization of the laser beam, SWNTs and MWNTs bundles
with big sizes can be trapped horizontally or vertically, and the vertically trapped MWNTs can be rotated by optical trap while small CNTs can
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 Pnly be trapped collectively. The CNTs bundles with medium length can be trapped orientated with the polatrization direction of the

aser beam. Theoretical calculation based on the interaction between CNTs and laser field shows that the high order nonlinear effect
ulsed-laser filed can enhance the trapping force.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Since the discovery in 1991[1], single-walled carbon nan-
tubes (SWNTs) have attracted a lot of attention worldwide for

heir unique chemical and physical properties in future nano-
lectronics[2]. It is meaningful to align CNTs by applying
lectrical field or magnetic field in situ or post growth[3–5].
angmuir–Blodgett[6] or chemical self-assembly[7] also can
e used to make anisotropic CNTs film. Using AFM tip is the
nly way to manipulating individual CNT[8], but AFM tips
re too difficult to be integrated for parallel processing. Opti-
al tweezers are powerful for processing nano-size objects[9],
ncluding CNTs[10,11]. But in these published reports, only
rappings of the CNTs by optical tweezers were given. Manip-
lation of CNTs bundles vertically and spinning MWNTs were
ot reported yet. In order to construct two-dimensional or three-
imensional nanostructures, more exact controls of CNTs in

he optical trap are essential. In this study, optical trappings
f various CNTs including SWNTs and MWNTs synthesized
y different methods, functionalized differently and in different

sizes were performed and the theoretical discussion was
given based on nonlinear effect of CNTs in the laser field, w
was supposed to enhance the trapping force greatly.

2. Experiment

Fig. 1 shows a schematic diagram of the optical twe
ers system used in this study. A linearly polarized laser d
(SDL-5432H1,λ = 834 nm) is used as the trapping light sou
The beam expander is composed of two convex lenses
120 mW laser beam is focused strongly and forms a single-
optical trap with the diameter less than 1�m by an objec
tive lens (Zeith, 100×, oil immersion type, N.A. = 1.25, th
radius of its back aperture: 2.5 mm). The sample stage is m
tained with a computer-controlled motorized controller (N
port, M-UTM25PP.1, resolution 0.1�m). Trapping process ca
be recorded by a CCD camera. Inserting a 1/4-wavelength
into the light way can perform conversion from linear to cir
lar polarization. A chamber composed of cover- and slide-g
is used to seal a drop of aqueous solution of CNTs. The
CNTs (SWNTs, MWNTs) bundles with the length from a f
U∗ Corresponding author. Tel.: +82 2 2220 0945; fax: +82 2 2296 0287.

E-mail address: haiwon@hanyang.ac.kr (H. Lee).

hundred nanometers to 1�m and diameter of about 20 nm were58

prepared as reported[12].

927-7757/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. A schematic diagram of the experiment set-up: LD indicated the laser
diode; L1 and L2 indicated the convex lenses.

3. Results and discussion59

Due to the limited resolution of the CCD camera, CNTs60

bundles with the length from 3 to 10�m were chosen for trap-61

ping experiments first in order to explore how the orientation62

of CNTs was controlled in the optical trap.Fig. 2(a) and (b)63

show that one CNTs bundle could be trapped vertically and64

horizontally, respectively. In vertical trapping, the CNTs bun-65

dle was aligned along the propagation direction of the lase66

beam while the CNTs bundle was aligned along the transversa67

direction of the laser beam in horizontal trapping. The verti-68

cally and horizontally trapped CNTs could be manipulated to69

any specific positions by the optical trap. The vertical trap-70

ping was confirmed as a point image because the CCD cam71

era captured a top view image. Trapping one end of CNTs72

and then increasing trapping depth (the distance from cove73

glass to optical trap) could switch horizontal tapping to ver-74

tical trapping. The reason why CNTs bundle can be trapped75

vertically is due to an oil immersion lens used to tightly focus76

the laser beam. When the trapping depth is small, the laser77

intensity is concentrated near the beam focus symmetrically,78

where the trapping force can only trap a partial position of79

the CNTs bundle but strong enough to hold the whole CNTs80

horizontally. When the trapping depth is increased, the con-81

vergence angle is decreased and the beam intensity would dis-82

tribute more along the central axis of the beam before the focus83

point [13], which means that optical trapping force is also dis-84

tributed more along the central axis of the laser beam that can85

provide the possibility for the long CNTs to be trapped ver-86

tically along the axial of the trapping beam. This converted87

trapping is valid for both of SWNTs and MWNTs bundles.88

But only by converting the laser beam from linear to cir-89

cular politicization, the vertically trapped MWNTs could be90

spun by its long axis because of the angular moment trans-91

formation between the laser beam and the nanotubes bodies92

[14]. 93

Used this methodology, we can manipulate CNTs bundles94

into different shape. Optical trap can capture a CNTs bundle95

in the chamber and drag it to a specific position. After placing96

it onto the slide-glass, the optical trap could turn to manipu-97

late the other one.Fig. 3(a) and (b) showed two CNTs bundle 98

were manipulated in parallel and in crossing. Also, the verti-99

cally trapped CNTs can be fixed onto the bottom surface of100

the chamber bottom. In this manipulation experiment, the size101

of the CNTs was so big that the optical trap only could trap a102
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Fig. 2. CCD images of optical manipulating of the CNTs: (a) v
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mall part of the whole bundle. The other effect like the po
zation induced torque by the laser could be neglected.
rapping force from the intensity gradient of the focused l
eam played a main role in trapping. This optical force c
eted with the viscous force and Browning movement of
NTs in the solution. The threshold value of the laser po
ould be defined as the power below which the CNTs start
scape from the trap. The measured threshold value was r

rom 0.5 to 10 mW depending on the size of the CNTs.
alue is lower than that in the report[11]. Fig. 3(c) showed
hat a CNTs ring was trapped by optical trap. CNTs ring
ormed in the cutting process because of self-assembly[15].
he diameter of the CNTs ring was bigger than that of o
al trap. But the ring was trapped tightly by the optical
lthough it tended to do Browning movement. Even the l

l trapping of a CNTs bundle; (b) horizontal trapping of a CNTs bundle.
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Fig. 3. The manipulation of two long CNTs bundles by optical trap: (a) manipulation of two CNTs bundles in parallel; (b) manipulation of two CNTs bundles in
crossing; (c) trapping a CNTs ring; (d) collective trapping of small CNTs bundles.

beam was focused in the hollow area of the ring, the ring was still118

trapped. If the concentration of the small CNTs was high, optical119

trap could trap small CNTs collectively as shown inFig. 3(d).120

These trapped CNTs could be dragged by optical trap. These121

collective trapping maybe related to the interaction between the122

polarized CNTs in the optical trap[16], which can enhance the123

trapping.124

The optical trapping force to CNTs can be attributed to the125

interaction of the electric field component (E) of the trapping126

laser and the instantaneous dipole moments (P) induced in127

CNTs. The induced dipole moment per unit volume isP=αE128

[17], whereα is the first-order polarizability tensor of CNTs129

[18]. From this relationship, we can see that for the CNTs with a130

1-D molecule with anisomeric character, it is possible to align a131

CNTs bundle whose orientation is consistent with the polariza-132

tion of the laser beam. But considering the trapping force is only133

a few pN, the induced torque to orientate CNTs bundle depends134

on its length.Fig. 4 gives the dependence of the orientation of135

the trapped CNTs bundle on its length. For a long CNTs bundle,136

the torque induced by optical trapping is not high enough to ori-137

entate a long CNTs bundle as shown inFig. 4(a). If the CNTs 138

bundles are too small, for example a few hundred of nanometers,139

they will be trapped without any orientation in the optical trap140

as shown inFig. 3(d). FromFig. 4(b) and (c), we can see this141

trend. 142

This equationP=αE is valid when the excited field is weak143

and only linear polarization is considered. But in the high inten-144

sity laser field, such as high-pulsed laser field, the intensity is145

high enough to induce nonlinear effect in the CNTs, thus the146

equation could be revised as a nonlinear equation: 147

P = αE + βE2 + γE3 (1) 148

where theβ andγ is second and third nonlinear polarizability149

tensors. By now, no experiment results about the second order150

nonlinear optical property of CNTs in the continue wavelength151

F ength apping of
n nd (c) r
b am.
U
N

ig. 4. The orientation of the trapped CNTs bundles depending on the l
icely orientation of a CNTs bundle with the polarization of laser beam; a
eam. The white arrow indicates the polarization direction of the laser be
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of CNTs bundles: (a) a random trapping for a long CNTs bundle; (b) tra
trapping of a faulty orientation of a short CNTs bundle with the polarization of lase
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(CW) laser field were reported. But for the third order nonlin-152

ear susceptibility of the SWNTs and MWNTs were investigated153

theoretically and experimentally in the high short-pulsed laser154

field [19,20]. If so, the Eq.(1) can be revised into:155

P = αE + γE3 (2)156

Thus, the interaction energy can be written as:157

U = −〈P · E〉
2

= −
[

α〈E〉2

2
+

(
1

4

)
γ〈E〉4

]
158

= −
[

α〈I〉
2

+ γ〈I〉2

4

]
(3)159

If only linear term is considered, the optical force is the negative160

gradient of the time-averaged potential energyU. The force is161

determined by the dielectric susceptibility and the gradient of162

the laser intensity. The force in the same direction of the optical163

intensity gradient will push CNTs to the center of the laser beam164

where the intensity is high. If the third order nonlinear effect165

was considered, the trapping force will also depend on the total166

intensity of the laser beam. It is believed that more new results167

will be obtained if the optical trapping experiments are done168

with high-pulsed laser.169

4. Conclusion170
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the way to use optical trap to assemble some CNTs based circuit182

or electronic devices in the future. 183
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Abstract  

Thin films of chemically-functionalized single walled carbon nanotubes (SWNTs) 

were fabricated by using a direct current (DC) electrodeposition method. SWNTs were 

shortened and then functionalized with acid chloride group to combine with amine 

group-terminated gold substrate. The electrodeposited SWNT films were characterized 

by using Raman spectroscopy, attenuated total reflectance infrared (ATR/IR) 

spectrometry and atomic force microscopy. We demonstrated that the SWNT film was 

well distributed on an electrode with robust adhesion. 

   

Keywords: single-walled carbon nanotubes, electrodeposition, CNT thin film. 
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1. INTRODUCTION 

Single-walled carbon nanotubes (SWNTs) have been considered as potential 

candidates for nanoscience and nanotechnology due to their outstanding properties, such 

as excellent mechanical property, metal-like electrical conductivity and high aspect 

ratio.1 Recently, there has been an intense interest in development of thin films of 

carbon nanotubes on conductive surfaces for the applications as electron emission 

devices, large surface area electrodes and sensing devices.2-4 The thin films of carbon 

nanotube could have been fabricated using various methods, such as chemical vapor 

deposition (CVD)5, screen-printing6, electrodeposition7, filtration3, spraying8, self-

assembling9, etc. We employed the electrodeposition method among them to fabricate 

thin films of carbon nanotube because there are several advantages in following aspects: 

its simple set-up, short time in processing, robust adhesion of films, no impurity, easy 

control of film thickness, etc. Shortly speaking of electrodeposition, carbon nanotubes 

suspended in a solution are forced to move toward the electrode by applying an electric 

field to the suspension. The carbon nanotubes collect on one of the electrodes and form 

a coherent deposit on it. However, the electrodeposition affected by various factors was 

not explained in detail in each process by now, as well as not characterized well for the 

products of thin films. Here, we report our observations for the electrodeposition of acid 
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chloride-functionalized SWNTs dispersed in dimethyl formamide (DMF). The 

characteristics of electrodeposited SWNT films demonstrated by using various methods, 

such as Raman spectroscopy, attenuated total reflectance infrared (ATR/IR) 

spectrometry and atomic force microscopy are also described.  

 

2. EXPERIMENTAL DETAILS 

2.1. Preparation of functionalized SWNTs 

As-grown single-walled carbon nanotubes (Carbon Nanotechnologies, Inc., HiPCO 

SWNTs) were treated at elevated temperature and then shortened by well-known 

process using the oxidizing acid.12 The shortened nanotubes were purified in a 5 M HCl 

solution under ultrasonic treatment, resulted in carboxylic acid-functionalized SWNTs. 

The COOH-SWNTs were further reacted with SOCl2 to convert the carboxylic acid 

groups into the corresponding acid chloride at 70 oC. The black COCl-SWNTs 

suspension was centrifuged repeatedly at 5000 rpm for a few hours to eliminate 

remaining reactants and sufficiently washed with CHCl3, and then dried in vaccum oven. 

The COCl-SWNTs were dispersed again in dimethyl formamide (DMF) with the 

concentration of about 0.3 mg/mL by ultrasonic treatment.  
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2.2. Electrodeposition of SWNTs 

The method of electrodeposition was employed to deposit the acid chloride-

functionalized SWNTs on amine-modified gold substrate. In the quartz cell containing 

the nanotube suspension, the gap distance between the gold substrate as cathode and the 

bare ITO as anode was fixed at 0.8 cm by the spacer. The direct current (DC) voltage of 

150 V or 50 V was applied between the two electrodes for 10 min. If it is not noted 

particularly, a SWNT film was fabricated at 150 V of a DC field applied for 10 min. 

 

2.3. Characterization of the SWNT film 

Attenuated total reflectance infrared (ATR/IR) spectrometry (SensIR IlluminatIR 

spectrometer) equipped with a liquid nitrogen-cooled MCT detector was used to 

investigate the quantitative property of the SWNT film. Infrared absorption spectra were 

collected first on a bare gold plate as a background unit and subsequently on a SWNT 

film-formed gold plate which is annealed at 70 oC for 30 min. Surface property 

measurement of a SWNT film was conducted by a Raman confocal scanning 

microscope (Nanofinder 30, Tokyo Instruments, Inc.) by exciting with the 488 nm 

(Sapphire) radiation line. To remove an appreciable peak shift caused by the laser 

heating, low power of 1 mW was employed on the sample surface with the exposure 
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time of 10 sec. Using the x, y scan stage, Raman scattered light and 2-D spectral image 

of a SWNT film were obtained at 1.12 cm-1 step intervals in a backscattering geometry 

using -70 oC-cooled CCD for the phonon detection.  

 

3. RESULTS AND DISCUSSION 

Figure 1 shows single walled carbon nanotubes (SWNTs) before and after 

shortening process. The acid chloride-functionalized SWNTs (COCl-SWNTs) had no 

iron catalytic particles generated in the HiPCO process. The length of highly-entangled, 

raw SWNTs (usually > 10 µm) was reduced to less than 1 µm with a rod-like shape. We 

found that the crystallinity of SWNTs was conserved even after shortening process 

using the oxidizing acid as shown in Figure 1(b).  

Dimethyl formamide (DMF) has been known as a good solvent in dispersing 

SWNTs. DMF has the dielectric constant of about 37 at 25 oC that is high enough to be 

applied to electrodeposition process. DMF, here, was used as a solvent in the COCl-

SWNT suspension without the addition of ionic compounds. SWNTs are a good 

candidate for an electrodeposition and movable in DMF solution because they are easily 

charged under an electric field due to the metal-like properties of carbon nanotubes. 

Figure 2 suggests the electrodeposition process of COCl-SWNT in dimethyl formamide. 
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When an electric field was applied to the SWNT suspension, the SWNT aggregates 

were produced immediately in the suspension. The COCl-SWNTs, however, were well 

dispersed in dimethyl formamide (DMF) before applying an electric field. Since the 

stability in dispersion usually decreases with increasing ionic concentration, it is 

suggested that chloride ions are produced by dissociating from acid chloride groups on 

SWNTs under the influence of DC field.13 A good leaving group of Cl- in COCl-SWNT 

was simply confirmed by adding a small amount of a silver ion to SWNT suspension. 

While the sediment of AgCl was produced especially near the anode during applying an 

electric field, the sediment in SWNT suspension was not observed due to the absence of 

Cl- ion under no influence of an electric field. In the middle space between two 

electrodes, the polarized SWNTs under an electric field are stabilized in charge due to 

the compensation of chloride ions as shown in Figure 2(A: middle space).14 The SWNTs 

near both electrodes migrated with a high speed toward the electrodes, caused by a 

strong charge interaction. On the cathode terminated with amine groups, a uniform 

SWNT film was formed with a covalent bond as shown in Figure 2(B: cathode). After 

prolonged deposition time, the coagulated SWNTs were difficult to be deposited on the 

electrode because of its irregular shape.15 The dissociated chloride ions, Cl-, migrate 

toward the positive electrode. The increase in the concentration of chloride ions near the 
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anode resulted in the assembly of SWNTs in a bundle as shown in Figure 2(C: anode). 

The assembly of SWNTs also comes from the strong electric field analogous to the 

previous report.14  

The acid chloride-functionalized SWNTs (COCl-SWNTs) were deposited on the 

NH2-modified gold substrate by applying a DC field at 150 V or 50 V for 10 min. 

Figure 3(a) presents the densely deposited, uniform SWNT film obtained at a DC field 

of 150 V. The formation of a SWNT film in electrodeposition depends on various 

factors, such as concentration of SWNT, strength of electric field, nature of electrolyte, 

etc. The thickness of SWNT film was controlled with a variation in the concentration of 

SWNT, the strength of electric field and the applying time. The aggregation of SWNTs, 

however, has occurred seriously at higher concentration (> 0.8 mg/ml at 150 V) of 

SWNTs in DMF, resulting in the SWNT film with low uniformity. The increase in the 

concentration of a chloride ion on anode made SWNTs aggregated into bundles which 

were attached on anode with poor adhesion. On the contrary, COCl-SWNTs were 

deposited robustly on the cathode either of a bare gold or of a gold modified with 

cysteamine. In addition, the uniform films of SWNTs were obtained on both of the gold 

cathodes. The adhesion of the films in both cases was strong, but showing a different 

stablility under the influence of ultrasonication. To investigate adhesion property of the 
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electrodeposited SWNT film, physisorbed and chemisorbed SWNT films were 

fabricated at 50 V of an electric field applied for 10 min on a bare gold and on a 

cysteamine-modified gold, respectively. Then, ultrasonication was applied to both of the 

films for 3 min. The infrared adsorption spectra in Figure 3(b) were obtained on the 

samples to investigate the quantity of SWNTs in the films. In this work, the most 

distinct peak in the spectra of the SWNT films was the absorption band of the stretch 

mode of the aromatic carbon-carbon bond observed at about 1500 cm-1. Although the 

peak intensity of the physisorbed SWNT film on a bare gold was similar with that of the 

chemisorbed SWNT film on a cysteamine-modified gold, the intensity of the 

physisorbed film was lower than that of the chemisorbed film after ultrasonication for 3 

min. The result shows that physically adsorbed COCl-SWNTs on a bare gold are easily 

detached compared to chemically adsorbed COCl-SWNTs on NH2-terminated gold 

under ultrasonication.  

To characterize the electrodeposited SWNT film in detail, we introduced tapping-

mode atomic force microscope (AFM) in imaging the SWNT film. The results induced 

needle-like topography from which one can be confused as if SWNTs were vertically 

aligned on a substrate. The needle-like image comes from the particular scanning 

system of AFM, by which the AFM tip is vibrated perpendicular to the substrate in 
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tapping mode or in non-contact mode. The densely packed SWNTs and the big 

differences in the height of the structure (> ~ 100 nm) also play a key role to present a 

needle-like topography in AFM image. As an another trial, the distribution of SWNTs in 

a SWNT film was surveyed by imaging the film using Raman spectroscopy which 

provides chemical and structural information of a sample. Figure 4(a) shows confocal 

Raman images (15×15 µm2) recorded by scanning a SWNT film with the focused laser. 

The images were acquired by detecting intensity of the RBM mode (172 cm-1), Raman 

D band (1332 cm-1) and G band (1578 cm-1), respectively, upon laser excitation at 488 

nm. From the contrast of the images, it was found that a SWNT film was composed 

entirely of the SWNTs with defect sites. Figure 4(b) shows the representative Raman 

scattering spectrum for the SWNT film, which provides typical four main Raman shifts 

of SWNT: RBM (~100 – 300 cm-1), Raman D band (~1300cm-1), G band (~1592 cm-1), 

and G’ band (~2600 cm-1).16 The frequency of the RBM is very sensitive to the tube 

diameter. The isolated tubes are concerned the following equation, ν (cm-1) = A/d (nm), 

where ν is the RBM frequency, d SWNT diameter, A proportionality constant. The 

diameters of the electrodeposited SWNTs (1.2 nm ~ 1.4 nm), however, were well agreed 

with those of the typical HiPCO SWNTs (0.8 nm ~ 1.4 nm) when applying various 

relations between the RBM frequency and the inverse of the SWNT diameter.17-20 The 
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magnified Raman image at G band (1578 cm-1) of the SWNT film is shown in Figure 

3(c), in which the high intensity of Raman G band (showing red and deep yellow 

colors) could be observed for the SWNTs even after shortening process and subsequent 

electrodeposition process. The G band originating from the tangential oscillations of the 

carbon atoms in the nanotube defines ordered carbons with metallic or semiconducting 

helicity. Therefore, the electrodeposited SWNT films were demonstrated to have the 

property of electrical conductivity which is very important for the future applications of 

SWNT films. 

 

4. CONCLUSION 

In conclusion, we demonstrated well distributed SWNT films using DC 

electrodeposition method. The characterization of the SWNT film was performed using 

Raman spectroscopy, attenuated total reflectance infrared (ATR/IR) spectrometry, 

atomic force microscopy. As a result, the properties of adhesion and electrical 

conductivity have drawn the possibility of a SWNT film applied to potential 

applications like electron emitters and large surface area electrodes. Deep understanding 

for the electrodeposition of SWNTs would contribute to promoting the properties of a 

SWNT film such as uniformity, adhesion, density, alignment, etc. The simple 
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fabrication of a SWNT film using DC electrodeposition would enable SWNTs to be 

integrated into electronic devices, especially electron emission devices.  
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Figure Captions 

Fig. 1. Transmission electronic micrographs of a bunch of (a) raw SWNTs and (b) acid 

chloride-functionalized SWNTs. The insets show each TEM image in a low resolution. 

Fig. 2. Schematic view of the electrodeposition process of COCl-SWNTs in dimethyl 

formamide. 

Fig. 3. (a) Scanning electron micrographs of a SWNT film formed on NH2-

functionalized gold electrode by applying an electric field at 150 V for 10 min. (b) 

Infrared absorption spectra of the SWNT films (A) physisorbed, (B) physisorbed and 

subsequently ultrasonic-irradiated for 3 min, (C) chemisorbed and (D) chemisorbed and 

subsequently ultrasonic-irradiated for 3 min. The films were obtained either on a bare 

gold (physisorption) or on a cysteamine-modified gold (chemisorption) by applying a 

DC field of 50 V for 10 min. Band around 1500 cm-1 corresponds to the stretch mode of 

the aromatic carbon-carbon bond.  

Fig. 4.  (a) Raman spectral images of a SWNT film deposited on gold substrate. The 

contrast in the images presents the local intensity of the RBM mode (172 cm-1), Raman 

D band (1332 cm-1) and G band (1578 cm-1), (b) Raman scattering spectrum for the 

SWNT film and (c) the magnified Raman spectral image of the film at Raman G band 

(1578 cm-1) 
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(a)                                         (b) 

Fig. 1. Transmission electronic micrographs of a bunch of (a) raw SWNTs 

and (b) acid chloride-functionalized SWNTs. The insets show each TEM 

image in a low resolution. 
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Fig. 2. Schematic view of the electrodeposition of COCl-SWNTs in 

dimethyl formamide. 
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(a) 

 

(b) 

Fig. 3. (a) Scanning electron micrographs of a SWNT film formed on NH2-

functionalized gold electrode by applying an electric field at 150 V for 10 

min. The inset shows a magnified image of the SWNT film. (b) Infrared 

absorption spectra of the SWNT films (A) physisorbed, (B) physisorbed 

and subsequently ultrasonic-irradiated for 3 min, (C) chemisorbed and (D) 

chemisorbed and subsequently ultrasonic-irradiated for 3 min. The films 

were obtained either on a bare gold (physisorption) or on a cysteamine-

modified gold (chemisorption) by applying a DC field of 50 V for 10 min. 

Band around 1500 cm-1 corresponds to the stretch mode of the aromatic 

carbon-carbon bond.  
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(a) 

     

(b)                                    (c) 

Fig. 4. (a) Raman spectral images of a SWNT film deposited on gold 

substrate. The contrast in the images presents the local intensity of the 

RBM mode (172 cm-1), Raman D band (1332 cm-1) and G band (1578 cm-1), 

(b) Raman scattering spectrum for the SWNT film and (c) the magnified 

Raman spectral image of the film at Raman G band (1578 cm-1) 
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